ABSTRACT The future health costs associated with predicted climate change-related events such as hurricanes, heat waves, and floods are projected to be enormous. This article estimates the health costs associated with six climate change-related events that struck the United States between 2000 and 2009. The six case studies came from categories of climate change-related events projected to worsen with continued global warming-ozone pollution, heat waves, hurricanes, infectious disease outbreaks, river flooding, and wildfires. We estimate that the health costs exceeded $14 billion, with 95 percent due to the value of lives lost prematurely. Actual health care costs were an estimated $740 million. This reflects more than 760,000 encounters with the health care system. Our analysis provides scientists and policy makers with a methodology to use in estimating future health costs related to climate change and highlights the growing need for public health preparedness.
C limate change endangers public health. Rising atmospheric temperatures increase the frequency, intensity, duration, and geographic extent of heat waves, air pollution episodes, wildfires, activity of infectious disease vectors, rising sea levels, storms, extreme rainfall, and flooding.
1,2
Prior studies have estimated future health costs related to climate change. [3] [4] [5] [6] However, these figures are not specific enough to form the basis of health policy decisions. No US study has evaluated specific health outcomes associated with a set of events related to climate change. 7, 8 There is currently no well-accepted structure for quantifying the costs of the human health effects of climate change, in part because of the challenges of identifying comprehensive health impact data and a lack of consensus on health cost valuation methods. Some methods estimate health costs in monetary terms; others use physical units such as the number of lives saved or the number of cases of illness avoided. Another approach is to use indicators such as quality-adjusted life-years, a measure that incorporates both mortality and morbidity effects. 9 Estimating the health costs of climate change is important for informing health policy decisions. Evaluating health-associated costs using a common method and then aggregating the costs can allow us to compare the various effects of climate change-once normalized, to account for geographic and other differences-with regard to magnitude or importance. Case studies can also help us gauge the progress of climate change-related health preparedness policies over time under different adaptation scenarios. 9 These scenarios present a range of possible regional climate effects, varying health vulnerabilities, and changing social and economic conditions that can help or hinder these policies' effectiveness.
The objective of this study was to provide a cost calculation of health effects associated with events related to climate change over the past decade. Similar events can reasonably be expected to occur more frequently in the future.
Study Data And Methods
We focused on six major categories of climaterelated events or episodes: ozone air pollution, heat waves, hurricanes, outbreaks of infectious disease, river flooding, and wildfires. These categories are well understood to be influenced by climate, they occurred in the United States during the past decade, and they are projected to increase in severity and frequency with future climate change. 10 We searched the peer-reviewed journal literature and state and federal agency reports to identify an event or episode in each of these categories within the past decade for which quantitative data existed on morbidity and mortality. In cases where morbidity and mortality data from several events in the same category had been published, we selected one high-end, but not extreme, event.
The links between these individual episodes and climate change cannot be established definitively. Also, the relationship between climate change and health is complex and varies according to the type of event. However, these case studies represent the types of health impacts that are projected to worsen under climate change.
We calculated the mortality and morbidity for each event based on data reported in the published epidemiologic literature or by public health agencies, or we used extrapolations. These were based on values we inferred using ratios such as the number of hospitalizations to the number of visits to the emergency department and the number of hospitalizations to the number of outpatient visits, derived from the Medical Expenditure Panel Survey. 11 Morbidity costs reflect the expenses of hospitalization, emergency department visits, outpatient visits, and other medical services.
US Ozone Air Pollution, 2000-02 Increasing atmospheric temperatures are projected to increase ozone pollution across many parts of the continental United States unless there are major reductions in precursor emissions. [12] [13] [14] Exposure to ozone pollution reduces lung function and inflames airways, leading to increased rates of emergency department visits, hospitalizations, and premature mortality-especially among people with respiratory illnesses, young children, and the elderly. 12 Because of the national scale of ozone pollution, we based our analysis on a study by Bryan Hubbell and colleagues. 15 This is the most recent nationwide assessment of the health impact resulting from ozone levels that exceed national standards. It estimated the incidence of premature mortality, hospitalizations for respiratory problems, and asthma-related emergency department visits associated with ozone levels exceeding the eight-hour standard of eighty parts per billion for the years 2000-02. Consistent with the authors' data presentation, we averaged the results obtained by two different methods of estimating ozone concentration to produce an estimated annual incidence of the health impacts.
California Heat Wave, 2006 The frequency, duration, and intensity of heat waves-defined as more than two consecutive days of extreme heat-in the United States are projected to increase greatly by 2090. 16 During the 2006 California heat wave, daily maximum and minimum record high temperatures were exceeded throughout the state over a period of approximately two weeks. 17 Climate change projections for California suggest an increased frequency of this type of heat wave under various warming scenarios.
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Extreme heat increases stress on the heart, lungs, kidneys, and other organ systems. It is also linked to increased rates of emergency department visits, hospitalizations, and premature mortality. 19 We estimated morbidity based on Kim Knowlton and colleagues' analysis of countylevel hospitalizations and emergency department visits. 19 From this article we extracted the number of excess hospital admissions for those diagnostic categories in which a significant change in the rate of admissions (above the upper 95 percent confidence interval) was observed at the state level. The categories were electrolyte imbalance, acute renal failure, nephritis, and heat-related illnesses. A significant increase in all-cause emergency department visits was also reported, and we included the reported excess visits. Sumi Hoshiko and colleagues have provided an estimate of excess mortality from this event. 20 
Florida Hurricane Season, 2004
Climate change is projected to increase the rainfall and wind speeds associated with hurricanes. 1 We used the 2004 hurricane season in Floridaduring which there were four major hurricanes in one month-as our case study because of the magnitude of the events, the size of the affected area, and the availability of health surveillance data. This cluster of severe storms is believed to be a harbinger of future hurricane intensity. 21 In fact, in 2005 Florida was hit by four more major storms.
Hurricane-associated winds and flooding can damage buildings and critical community infrastructure, causing drowning, injuries, popula-tion displacement, and stress. They can also cause illnesses resulting from exposure to contaminated floodwater and carbon monoxide poisoning. Improper use of gas-powered generators is a major source of illness and death after a hurricane. 21, 22 Comprehensive mortality and morbidity surveillance data were not available, so we relied on mortality data from Patricia Ragan and colleagues; 21 reported hospital discharge data for Florida hospitalizations and emergency department visits resulting from carbon monoxide poisonings; 23 and psychological impacts based on a representative survey estimate from Ron Acierno and colleagues of affected adults meeting the criteria for hurricane-related post-traumatic stress disorder. 22 Because no reliable data on the use of health care for injuries related to these hurricanes were available, we did not include injuries in our analysis.
West Nile Virus Outbreak In Louisiana, 2002 Global warming may extend the range and intensity of many infectious diseases because of changes in temperature, precipitation, and habitat.
1, 24 West Nile virus is an example of a vectorborne disease that has recently emerged in the United States, linked to changing climatic conditions. 25 An infectious illness transmitted by mosquitoes, the virus can cause central nervous system symptoms ranging from fever to paralysis and requiring medical care, emergency services, or hospitalization. Sometimes it can be fatal. 26 In 2002 a total of 4,156 cases of West Nile virus were reported in the United States, of which 329 were in Louisiana. 26 We examined the Louisiana outbreak because of the availability of hospitalization data. We excerpted case numbers and health care utilization from an article by Armineh Zohrabian and colleagues, 26 which reported mortality and hospitalization incidence reflecting the authors' extrapolation of available discharge data to all reported cases with central nervous system illnesses. In our study we extrapolated data on emergency department visits by applying the ratio of patients incurring emergency service charges to the total number of reported hospitalizations.
Red River Flooding In North Dakota, 2009 Climate change is projected to alter precipitation patterns, increase the frequency and intensity of major storm events, and increase the risk of floods throughout the United States-particularly in the Midwest and Northeast.
1 River flooding damages buildings and critical community infrastructure. It also causes drownings and other deaths, injuries, trauma, and stress. 1 We obtained reported data on emergency department visits and mortality collected from 28 The 2003 fires in Southern California covered 736,597 acres and destroyed 3,631 structures, and the cost of responding to the fires was more than $3 billion. We chose to examine this event because of its magnitude and the availability of data on the health effects of increased smoke. 29 Mortality data included reported deaths directly caused by the fire or by subsequent mudslides. 29 We inferred the number of deaths associated with smoke inhalation based on a ratio derived from the 2003 Healthcare Cost and Utilization Project 30 that we applied to hospitalization counts. Smoke-related morbidity was excerpted from a study by Ralph Delfino and colleagues 31 that determined excess hospital admissions in the affected counties for respiratory and cardiovascular problems.We included as admissions attributable to the wildfires those with a diagnosis of asthma or pneumonia because a significant association was observed between those conditions and the fires.
Health Costs Although cost estimates for some climate-related events are available, the use of varying health valuation methods makes it difficult to compare or aggregate costs. We therefore implemented a consistent calculation across all six case studies based on standard measures of health effects and costs.
We based mortality costs on the "value of a statistical life" approach, as recommended for economic research by the Environmental Protection Agency. We used a value of $7.9 million in 2008 dollars, which is the central value from a range of studies. 32 We calculated morbidity costs using an incidence-based "cost of illness" approach that included total medical costs and the value of lost work productivity. This approach is generally considered to yield a conservative estimate of the true cost of disease. 9, 15, 33 Health costs are reported in 2008 dollars, using the Consumer Price Index 34 to adjust past health costs.
We used data from the Healthcare Cost and Utilization Project 30 to derive average length-ofstay and medical costs for hospitalizations. We used the Medical Expenditure Panel Survey's 35 average cost per emergency department visit, annual out-of-pocket expenses for hospitalized patients, and outpatient expenses by diagnostic condition category. We estimated lost work productivity from hospital stays based on the usual median weekly earnings of full-time employees as reported by the Bureau of Labor Statistics. 34 We used the Healthcare Cost and Utilization Project web tool 36 to convert reported charges to costs. The tool uses cost-to-charge ratios based on national and state hospital accounting reports. When the Healthcare Cost and Utilization Project did not perform the conversion, we applied a constant cost-to-charge ratio of 0.65. 37 We divided weekly earnings by five to arrive at a daily wage, which we multiplied by the average lengthof-stay for hospital admissions for each particular illness, according to primary diagnosis. More details about our calculation methods are available in the online Appendix.
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In a health cost study such as this one, there are multiple data sources and assumptions on which it is possible to base an analysis. Variability is introduced depending on which illnesses are considered, which direct costs are included, and how costs are inferred. Therefore, where the literature presented a range of data options, we conducted sensitivity analyses that included estimates of variability. Details on the sensitivity analyses for the case studies can be found in the online Appendix, 38 and results from the sensitivity analyses are discussed below.
Limitations The precision and accuracy of our cost estimates are limited by biases and assumptions in the underlying epidemiological studies we relied on, the extrapolations we used to create a more uniform data set, and our health cost valuation methods. Comprehensive surveillance data were missing for some of the morbidity and mortality associated with our case studies.
Most notably, our analysis of hospitalizations and emergency department visits resulting from the 2004 hurricane season in Florida was restricted to those uses of health services associated with carbon monoxide poisoning. Other health effects of hurricanes are documented in the literature, including increased emergency department visits and an overall injury rate of 4.6 percent in adults-equivalent to approximately 340,000 injuries in Florida. However, we were unable to find or calculate a quantitative assessment of hospitalizations and emergency department visits. 22, 39, 40 The lack of comprehensive health data could lead to underestimates. But inferring health care use based on the Medical Expenditure Panel Survey disease categories and assigning average costs to climate-related health outcomes could, in some cases, result in overestimates.
Study Results
The six case studies resulted in 1,689 premature deaths, 8 
Because of the high costs associated with the loss of human life, premature mortality makes up approximately 95 percent of the estimated total cost. On a case study-specific basis, the mortality percentage ranged from 78 percent for the floods to 97 percent for the heat wave. However, only a small portion of the people affected died, and they used only a small portion of the health care services in our case studies. We estimated a health care cost of more than $740 million to address illnesses and injuries from the six events we analyzed. This reflects more than 760,000 encounters with the health care system.
The total health costs associated with ozone pollution ($6.5 billion) and the heat wave ($5.4 billion), dominated the analysis (Exhibit 2). The high costs were partially driven by the events' wide geographic scope and their large associated mortality. However, when normalized to the respective regional populations, the cost of the 2009 North Dakota flooding was also large, at $145,495 per 1,000 people-close to the cost of the 2006 California heat wave, which was $148,792 per 1,000 people. In contrast, the cost of the ozone pollution event was $22,705 per 1,000 people.
Sensitivity Analyses Because of the limitations in the relevant data, we evaluated the variability in health impacts for the ozone air pollution, hurricane, infectious disease outbreak, and wildfire case studies. In aggregate, the sensitivity analyses, accounting for variability in estimated health effects as well as in health valuation methods, resulted in an adjustment to the total cost for the case studies-$14.1 billion (Exhibit 2)-ranging from −$9.6 billion to +$25.6 billion, or a range of $4.5-$39.7 billion. The results for the individual case components of the sensitivity analysis, which were analyzed separately, are presented below.
▸▸OZONE AIR POLLUTION: Given the limitations in the article by Hubbell and colleagues, 15 our base-case analysis of the costs of air pollution included only asthma-related emergency department visits rather than those visits related to all respiratory illnesses. Inferring the number of all respiratory-related emergency department visits from the hospitalization data that Hubbell and colleagues reported resulted in a substantial increase-8,459 visits altogether, instead of 485 visits for asthma alone. The cost would be $5.6 million-eighteen times greater than the cost of the visits for asthma.
When these inferred emergency department visits were included, the total morbidity costs associated with high levels of ozone was approximately $259 million, or 2.1 percent higher than in the base-case scenario. The base case used the then-current ozone standard of eighty parts per billion from Hubbell and colleagues. 15 However, the Environmental Protection Agency has since proposed to reduce the health-based standard to sixty parts per billion. 41 A sensitivity analysis using sixty parts per billion resulted in a mortality rate of 0.0056 per 1,000 people and associated costs of $44,000 per 1,000 people. These numbers are twice as high as those calculated using the base case.
Applying these rates to the total population estimated to live in a county where the air quality would exceed the lower threshold, 41 we estimated a potential cost associated with premature mortality from current levels of ozone pollution at $8.046 billion-an increase of 28.1 percent compared to the base case.
▸▸HURRICANES AND MENTAL HEALTH: Broader health care utilization-such as increases in primary care and doctor visits not related to mental health but associated with anxiety disorders, including post-traumatic stress disorder-were included in a study by Paul Greenberg and colleagues 42 but were not used in our base-case analysis of hurricanes' health costs. Including the additional costs increased the cost of hurricane-related post-traumatic stress disorder to $312 million. This exceeded the $255 million in costs in the base-case analysis, which included only hospitalizations, emergency department visits, and associated outpatient health care use. Including the additional costs resulted in a total health cost estimate for this event of $1.5 billion-an increase of 4.1 percent over the base-case scenario.
▸▸INFECTIOUS DISEASE: Our base-case scenario for infectious disease excluded emergency department visits that did not result in hospitalization. To include a more comprehensive assessment of such visits, we applied an emergency department utilization rate-based on the Medical Expenditure Panel Survey condition category of infectious diseases-to the hospitalization rate reported by Zohrabian and colleagues. 26 This estimate more than doubled the number of emergency department visits reported in the original article, 26 giving a total of 378 visits. Their cost was estimated at $290,000, increasing the total health cost to $210 million-an increase of 1.2 percent over our base-case estimate.
▸▸WILDFIRE: Adding the 95 percent confidence interval from the literature to the average estimates of the effect of wildfire smoke on respiratory health resulted in asthma and pneumonia hospitalization incidences of 314 (95% confidence interval: 49.5, 571.7) and 464 (95% confidence interval: 55.3, 865.9), respectively. 31 The total estimated cost of these hospitalizations was $10 million, and the upper and lower bound 95 percent confidence interval cost estimates were $1.3 million and $18.4 million.
Health Cost Valuation Methods Using established ratios to extrapolate our baseline costof-illness analysis to incorporate broader costs that are better captured using a "willingness to pay" approach, we estimated health costs in the range of $14.4-15.5 billion, or an increase of 2.9-10.7 percent, compared to our baseline. Using the range of published "value of a statistical life" estimates ($0.9-21.1 million) and our base-case estimate of mortality incidence, we estimated mortality costs of $1.5-35.6 billion, equal to 11-270 percent of the base-case analysis, respectively.
Discussion
Quantifying The Health Costs Of Climate Change For policy makers concerned about climate change, the consistent valuation of its consequences is an important problem. Estimates of the health-associated costs of climate change have been largely absent from both the scientific literature and public policy discussions. This article represents a first attempt to synthesize health data from the literature on events related to climate change and to develop a uniform method of quantifying their health costs. These health costs alone-more than $14 billion across the six case studies-combined with the current and projected frequencies of these events may assist policy makers as they consider the potential benefits of policies to prepare Americans and their communities for the health effects of climate change.
The case studies included in our analysis varied in duration and geographic scale, which made it difficult to extrapolate their costs for the time period we examined and for the future. For example, the infectious disease case study reflected a statewide tally of cases for an entire year, while the wildfire case study represented a one-month period in Southern California. Surveillance data relevant to health were available to track the annual number of cases of West Nile virus in each state. 43 In contrast, the Hazards and Vulnerability Research Institute tracked wildfires according to damage assessments per county. 44 Additional research is needed to evaluate the degree to which other big wildfires-eighty-five occurred nationwide between 2000 and 2009-may have health costs of a magnitude comparable to those of our case study. It was beyond the scope of this study to quantify annualized
Estimates of the health-associated costs of climate change have been largely absent from public policy discussions.
costs for these events over the past decade or to extrapolate future costs, although this study could provide a basis for such estimates.
Future projections suggest a potentially large health and financial burden associated with climate-related events such as those evaluated here. For example, heat waves occurred on average approximately three times per year in California during the past decade. A heat wave the length of the period evaluated for the 2006 California case study has occurred less than once a century. One study simulating extreme heat events under climate change scenarios suggests that the extreme temperatures of the 2006 heat wave could become an annual event by the late twenty-first century. 45 We examined other projections for increased frequency of events, including a 58-128 percent increase in the annual number of large wildfires in California by 2085 and a 10-25 percent increase in summer ground-level ozone concentrations in the northeastern United States by 2090 when compared to the 1990s, under higher emissions scenarios. 13, 28 Some portion of the health costs of these events could be avoided through adaptation policies. These policies would help human, natural, or economic systems adjust in response to actual or expected climate change effects to limit the potential damage or harm. For example, expanded programs for surveillance and control of insect vectors could help reduce the number of West Nile virus cases. Municipal and workplace warning systems for heat waves are effective in reducing heat-related illness and death. 46 Reductions in ozone precursors reduce illness and death related to air pollution, as well as associated costs. Another study-of a sample of grants to mitigate hazard losses 47 -has demonstrated that the benefits of reducing climate-related hazards are considerable and outweigh the costs by a factor of 5.0:1 for flooding and 3.9:1 for wind.
The projection of morbidity and mortality into the future, including the consideration of adaptive capacity to reduce health costs, is relevant to the policy discussion. However, it is outside the scope of this article.
Additional Costs The calculations in this study were based on the availability of data on climate-related health stressors and available health valuation tools. The case studies represent a subset of climate-related morbidity and mortality and associated costs. Other climate-related health concerns include waterborne illnesses, such as cryptosporidiosis; 48 plant pollen allergies exacerbated by rising carbon dioxide concentrations; 49 increased rates of foodborne illnesses; and the long-term health effects associated with population displacement after storms. Climate-related health stressor events also have the potential to cause chronic disease. However, we did not include chronic health effects in this study because of data limitations and the incomplete scientific understanding of this relationship.
Furthermore, we did not include lost leisure time, days when activity is restricted, lost school days for children, and lost work and leisure time for those who instead must visit or care for patients. Nor did we include other social costs that cannot be easily monetized, such as the increased health and financial inequality that is predicted because climate change will disproportionately affect low-income communities; and the pain and suffering caused by extreme events. 50 These are important areas for future cost research on the health effects of climate change, and their omission here suggests that our analysis underestimates the future health costs that could result from climate change.
The costs estimated in this article were related to selected health outcomes and events. For comparison, the costs associated with asthma among US children have recently been estimated at $2.2 billion annually, whereas the total costs of key environmental diseases in children have been estimated at $76.6 billion. 51 We did not examine the potential health benefits of climate change. However, at least one study suggests that the US population is fully acclimatized to cold temperatures but not to heat. This indicates that decreases in cold weather are not likely to result in parallel decreases in deaths related to the cold. 52 Previous researchers have not used case studies to evaluate the US health costs of specific events related to climate change. However, two of the studies we relied on included some evaluation of costs. 15, 26 Despite some differences in methodology, our average morbidity costs per case were fairly consistent with the results in those studies. However, the differences in total Our analysis illustrates the economic health burden of climaterelated hazards.
costs between our analysis and those of Zohrabian and colleagues 26 are appreciable, largely because the latter bases mortality costs on the "lost productivity" approach, rather than the "value of a statistical life" approach.
Conclusion
Our analysis illustrates the economic health burden of climate-related hazards and the potential implications for health and costs if global warming continues unchecked and communities are not prepared for its effects. A better understanding of the range of economic impacts of climate change on health risks could help prioritize preparedness efforts to reduce vulnerability, costs, and losses. 
